In the present study, co-sedimentation assay, intrinsic fluorescence intensity measurement, and Mg 21 -ATPase activity analysis were carried out to investigate the direct effect of tropomyosin (TM) on unphosphorylated myosin (UM) or phosphorylated myosin (PM) in the presence or absence of caldesmon (CaD). Results showed that TM significantly decreased the sedimentation, intrinsic fluorescence intensity, and the Mg 21 -ATPase activity of PM, but not UM. In the presence of CaD, TM also significantly decreased these parameters irrespective of myosin phosphorylation, suggesting that the interaction between TM and CaD abolished the effects of TM on PM or UM and that there was an inverse interaction between TM and PM, characterized by the decreased PM sedimentation and intrinsic fluorescence intensity.
Introduction
Tropomyosin (TM), in connection with actin, has been proved to play a regulatory role in muscle contraction [1] . Although there are a large number of reports about skeletal and cardiac muscle regulation [2] , no publication has been found describing the effect of TM on myosin without actin in the assay system. In other words, trace amount of actin, at least, is required for TM to exert the regulatory role as described previously [3] , which is supported by recent structural perspectives [4] .
The phosphorylation of the 20 kDa myosin light chain (MLC) is essential in smooth muscle contraction [5] . TM and caldesmon (CaD) are thin filament-associated actinbinding proteins involved in the modulation of smooth muscle contraction. TM plays a pivotal role in regulating the function of actin filaments in smooth muscle contraction [2] .
Additionally, CaD makes the regulation of smooth muscle more complex and contributes significantly to it. For example, CaD mainly targets at actin and has an inhibitory effect on actin-myosin interaction [6, 7] . Its stimulatory effect can be detected under assay conditions [8] and is attributed to the interaction between CaD and myosin [9] [10] [11] [12] . CaD, even at a very low concentration, is shown to increase the sedimentation of unphosphorylated myosin (UM) and phosphorylated myosin (PM) in the absence of actin [11] .
Unlike in skeletal and cardiac muscle, the phosphorylation of MLC is required for the sedimentation of smooth muscle myosin, which modifies its interaction with CaD [10, 11] . The question arises whether the interaction between TM and myosin correlates with the MLC phosphorylation in the presence or absence of CaD. Here, we reported an inverse protein -protein interaction between TM and PM.
Materials and Methods

Materials
Adenosine-5 0 -triphosphate (ATP), phenylmethylsulfonyl fluoride, dithiothreitol (DTT), and ethylene glycol bis(2-aminoethyl ether) tetra acetic acid (EGTA) were purchased from Sigma-Aldrich (St Louis, USA).
Protein purification
The purifications of myosin, CaD, TM, and MLC kinase (MLCK) from chicken gizzard were carried out as described previously [13 -16] . The prepared proteins were actin-free, and the purity was determined by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Myosin was purified from fresh chicken gizzard smooth muscle and used as UM. The extent of phosphorylation was determined by using urea-PAGE [17] . The pellets of the mixture containing UM or PM were obtained by using co-sedimentation assay in the presence or absence of TM or CaD [11, 18] .
MLC phosphorylation
Ca 2þ -CaM-dependent phosphorylation of MLC by MLCK was carried out according to the method described previously [18, 19] to produce PM, which was used in co-sedimentation assay, intrinsic tryptophan fluorescence measurement, and Mg 2þ -ATPase assay.
Co-sedimentation assay UM (1 mM), PM (1 mM), TM (0.01-10 mM), and CaD (0.01 mM) were used in co-sedimentation assay. UM or PM mixed with or without TM was incubated in 20 mM Tris-HCl buffer ( pH 7.5) containing 1 mM DTT, 5 mM MgCl 2 , 60 mM KCl, 2 mM EGTA, and 0.5 mM ATP for 10 min at 258C in the presence or absence of CaD, and then centrifuged at 48C, 140,000 g, for 25 min. The supernatant and pellet of UM or PM were subjected to SDS -PAGE separately. UM or PM in supernatant or pellets was quantified by using densitometry with Scoin Image Software [11, 18] .
Intrinsic fluorescence measurements
Intrinsic fluorescence was measured in the presence or absence of CaD (0.01 mM) or TM (1 mM) in a solution containing 60 mM KCl, 5 mM MgCl 2 , 0.5 mM ATP, 20 mM Tris-HCl ( pH 7.5), and 2 mM EGTA by using a spectrofluorometer, according to the method of Malnasi-Csizmadia et al. [20] with slight modifications [21] . The excitation wavelength was 293 nm, and the emission spectrum was recorded between 310 and 380 nm. The peak emission of UM or PM was determined.
Measurement of myosin Mg
21
-ATPase activity UM (0.4 mM), PM (0.4 mM), CaD (0.004 mM), and TM (0.4 mM) were used in the assay. Effects of TM on the Mg 2þ -ATPase activity of UM or PM in the presence or absence of CaD were determined in a buffer containing 60 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 2 mM EGTA, 0.5 mM ATP, and 20 mM Tris-HCl ( pH 7.5) at 258C by using the malachite green method [18, 19] .
Other procedures
Protein concentration was determined by using the method of Bradford [22] with bovine serum albumin as a standard. A 12.5% SDS-PAGE was used to separate proteins with slight modifications [23, 24] .
Statistical analysis
Student's t-test or one-way analysis of variance was used. P , 0.05 was considered to be statistically significant.
Results
Effects of TM on myosin sedimentation in the presence or absence of CaD Pellets of UM or PM obtained by centrifugation were examined. No statistical difference was observed between pellets of UM and pellets of UM þ TM (0.01-10.00 mM) [ Fig. 1(A,B) ]. In contrast, the pellets of PM significantly decreased in the presence of TM in a concentration range from 0.01 to 10.00 mM [ Fig. 1(A,B) ] and in a dosedependent manner, indicating that the inhibitory effect of TM on myosin sedimentation was observed only when myosin was phosphorylated.
Effects of TM on the interaction of UM-CaD or PMCaD were investigated by using co-sedimentation assay. Figure 2 show that CaD increased the percentage of UM pellets to 41.6 + 3.6%, when compared with that in the absence of CaD [ Fig. 2(C) , 1.5 + 1.2%]. In the presence of TM [ Fig. 2(A,C) ], the CaD-increased percentage of UM pellets decreased from 41.6 + 3.6% to 25.6 + 4.1%. As for PM, CaD increased the percentage of pellets from 49 + 4.3% to 57.6 + 3.4% which significantly decreased to 30.1 + 3.7% in the presence of TM [ Fig. 2(B,C) ].
Effects of TM on the intrinsic tryptophan fluorescence intensity of myosin
Results showed that no statistical difference was observed in the fluorescence intensity of UM in the presence or absence of TM [ Fig. 3(A,C) ]. However, TM significantly decreased the relative PM fluorescence intensity from 100 + 1.8% to 89.4 + 4.2% [ Fig. 3(B,C) ]. In the presence of CaD, it decreased the relative fluorescence intensities of UM and PM from 103.3 + 1.2% to 92.5 + 2.5% [ Fig. 3(D,E) ] and from 105.2 + 2.1% to 90.9 + 3.8% [ Fig. 3(F,G) ], respectively.
Effects of TM on myosin Mg
-ATPase activity
Results showed that TM significantly decreased the relative Mg 2þ -ATPase activity of PM from 303.5 + 3.3% to 280.3 + 4.2% [ Fig. 4(B) ]. In the presence of CaD, TM significantly decreased the relative Mg 2þ -ATPase activities of UM and PM from 118.4 + 3.4% to 102.2 + 2.7% [ Fig. 4(A) ] and from 372.6 + 6.0% to 312.4 + 3.8% [ Fig. 4(B) ], respectively.
Discussion
In the present study, it was found that TM decreased the sedimentation, intrinsic fluorescence intensity, and the Mg 2þ -ATPase activity of PM, suggesting that TM directly interacted with PM. However, the significant difference of Mg 2þ -ATPase activities between PM and PM þ TM was Tropomyosin acts on smooth muscle myosin not obvious. For UM, no evidence of direct interaction between TM and UM was observed in this study.
Our results also showed that TM significantly decreased the sedimentation, intrinsic fluorescence intensity, and Mg 2þ -ATPase activity of UM or PM in the presence of CaD, indicating that TM partially abolished the interactions of CaD -UM or CaD-PM by TM-CaD interaction, since no direct TM-UM interaction was found in the assay.
Co-sedimentation assay can be used to analyze the routine protein -protein binding, which is characterized by the increased pellets induced by co-precipitation [25] . Due to the decrease of PM sedimentation, the interaction between TM and PM could be considered as an inverse protein-protein interaction. The shape and magnitude of intrinsic fluorescence spectrum depend on the amino acid composition and folding state of protein. The folding state of the protein changes to partially unfolded one, which causes the changes of local environment surrounding the aromatic amino acids, and may result in a decrease in fluorescence intensity [26] . In accordance with TM-decreased co-sedimentation, the decrease in intrinsic fluorescence intensity of PM induced by TM could also be considered as an evidence of an inverse protein-protein interaction, which might be caused by the decrease of PM binding to other proteins, e.g. CaD. Meanwhile, TM decreased the co-sedimentation and intrinsic fluorescence intensity of PM, but CaD increased them, suggesting the presence of a unique type of bidirectional regulation, which would maintain contractile balance of smooth muscle.
In the future, the exact biological significance of TM-PM interaction and whether TM-PM interaction is a unique inverse protein-protein interaction still need to be further explored. 
